The nonlinear propagation of the dust-acoustic (DA) waves in a strongly coupled dusty plasma containing Maxwellian electrons, nonthermal ions, and positively charged dust is theoritically investigated by a Burgers equation. The effects of the polarization force (which arises due to the interaction between electrons and highly positively charged dust grains) and nonthermal ions are studied. DA shock waves are found to exist with positive potential only. It represents that the strong correlation among the charged dust grains is a source of dissipation, and is responsible for the formation of DA shock waves. The effects of polarization force and nonthermal ions significantly modified the basic features of DA shock waves in strongly coupled dusty plasma. 
Introduction
The linear properties of the dust-acoustic (DA) waves (in which dust particle mass provides the inertia, and electron and ion thermal pressures provide the restoring force) as well as dust-lattice (DL) waves (in which inertia comes from the dust mass and the restoring force comes from the Debye-Hückel interaction) in a strongly coupled dusty plasma system have been rigorously investigated by many authors during the last decade [1] [2] [3] [4] [5] . About a decade ago, Rao et al. [6] theoritically predicted the existance of linear and nonlinear dust-acoustic waves in an unmagnetized dusty plasma, in which the dust grains are weakly correlated so that the electrostatic energy of shielded grains is much smaller than the kinetic energy of the dust particles. Mamun et al. [7] have discussed the formation of dust-acoustic (DA) waves, taking into account the effects of vortex-like and nonthermal ions distribution. Wang et al. [8] , Lin et al. [9] , Mamun and Shukla [10] , have considered nonthermal ions, and negatively charged dust [11] [12] [13] [14] [15] and studied the dust-acoustic (DA) solitary and shock waves. A limited number of theoretical investigations has also been made on nonlinear propagation of DA and DL waves in strongly coupled dusty plasma [16] [17] [18] [19] [20] . Shukla and Mamun [16] , Mamun et al. [17] , Mamun and Shukla [18] , Mamun and Cairns [19] , and Anowar et al. [20] , have considered weakly coupled Maxwellian electrons [16, 20] , or trapped [17, 20] ions, and strongly coupled negatively charged dust [16] [17] [18] 20] or arbitrarily charged dust [19] , and studied the dust-acoustic (DA) solitary [16, 20] and shock [15] [16] [17] [18] [19] waves. More recently, Mamun and Shukla [21] , have also studied the effects of cylindrical and spherical geometry on dust-acoustic (DA) shock waves in a strongly coupled dusty plasma system. At recent, Ashrafi et al. [28] , have considered weakly coupled (Maxwellian) electrons, ions, and strongly coupled negatively charged dust in presence of the effects of polarization force [22] [23] [24] (which arises due to the polarization of electrons around the dust grain), and the effective dust-temperature [25] [26] [27] (which arises from the electrostatic interactions among highly positively charged dust and from the dust thermal pressure) and studied the dust-acoustic (DA) waves. Ashrafi et al. [29] , have also studied the dust-acoustic (DA) solitary and shock waves in a strongly coupled dusty plasma in presence of polarization force. Above works are valid only when the effects of nonthermal ions and positively charged dust are negligible. However, it has been shown that effects of polarization force [22] [23] [24] [25] [26] [27] are very important in many space and laboratory dusty plasma situations in order to understand various propagation characteristics of the dust-acoustic (DA) waves. The concept of polarization force (acting on a charged dust grains) and its importance in dusty plasma physics have been explained by Hamaguchi and Farouki [22, 23] , and the effects of polarization force on linear propagation of the dust-acoustic (DA) waves have been investigated by Khrapak et al. [24] . The polarization force (F ) acting on a dust grain is, mathematically, defined as [22] [23] [24] 
is the electron (ion) temperature in energy unit, ( ) is the electron (ion) number density, and is the magnitude of an electron charge. Now, using T T (which is a good approximation [24] for any dusty plasma with highly positively charged dust, i.e. for = Z with Z being the number of electrons residing on the dust grain surface) and T ∇ = ∇φ (with φ being the electrostatic potential), one can simplify the polarization force as F = Z R( / 0 ) 1/2 ∇φ, where R = Z 2 /4T λ D 0 is a parameter determining the effect of polarization force (which arises due to the interaction between electrons and highly positively charged dust grains), 0 is the ion number density at equilibrium, and
. It is obvious that i) it is directed opposite to the electrostatic force (F = −Z ∇φ), and ii) in a dusty plasma with highly positively charged dust, the polarization force arises mainly due to the polarization of plasma electrons around the dust grain. The polarization force for some other dusty plasma situations have been explained by Hamaguchi and Farouki [22, 23] and Khrapak et al. [24] . Therefore, in this paper, we have taken into account the effects of polarization force, nonthermal ions, and have rigorously investigated the dust-acoustic (DA) shock waves propagating in a strongly coupled dusty plasma containing Maxwellian electrons, nonthermal ions, and strongly coupled positively charged dust.
This paper is organized as follows. The basic equations governing the strongly coupled dusty plasma system (under consideration) are given in Sec. 2. The basic features of the dust-acoustic (DA) shock waves are investigated in Sec. 3 and the dust-acoustic (DA) shock waves are investigated in Sec. 3. A brief discussion is finally presented in Sec. 4.
Governing equations
We consider the nonlinear propagation of the dustacoustic (DA) waves [6] in a strongly coupled dusty plasma whose constituents are Maxwellian electrons, nonthermal ions, and positively charged dust grains. Thus, at equilibrium we have Z 0 + 0 = 0 , where 0 , 0 , and 0 is the equilibrium electron, ion, and dust number density respectively. We assume that electrons and ions are weakly coupled due to their higher temperatures and smaller electric charges, and that dust are strongly coupled because of their lower temperature and larger electric charge. Thus, in presence of the low phase velocity (in comparison with electron and ion thermal velocities) dust-acoustic (DA) waves, the electron and ion number densities obey the Maxwellian and nonthermal distribution respectively, and their densities and are, respectively, given by
where β is the nonthermal parameter. The dynamics of the nonlinear dust-acoustic (DA) waves in our considered strongly coupled dusty plasma system is governed by the well known generalized hydrodynamic (GH) equations [10, 30] :
where is the dust number density, is the dust fluid speed, and time and space variable, (R = Z 2 /T λ D ) a parameter determining the effects of polarization force (which arises due to the interaction between thermal electrons and highly positively charged dust grains), is the dust grain mass, µ is the compressibility and (4) is due to the polarization force (which arises due to the interaction between electrons and highly positively charged dust grains). The 4th term (µ T )on the left hand side of equation (4) arising from the dust thermal pressure. There are various approaches for calculating these transport coefficients. These have been widely discussed in the literature. The viscoelastic relaxation time τ , and the compressibility µ are given by [25, 26, 30, 32] 
where (Γ) is a measure of the excess internal energy of the system and is calculated for weakly coupled plasmas
To express (Γ) in terms of Γ for a range of 1 < Γ < 100, Slattery et al. [31] have analytically derived a relation
where a small correction term due to finite number of particles is neglected. The dependence of the other transport coefficient η on Γ is somewhat more complex, and cannot be expressed in this closed analytical form. However, tabulated/graphical results of their functional behavior derived from molecular dynamic simulations, and a variety of statistical schemes are available in the literature [30] .
Shock waves
To derive a dynamical equation for the electrostatic DA shock waves from our basic equations (1)- (5), we employ the reductive perturbation technique [33] . We first introduce the stretched coordinates [34] 
where is a smallness parameter measuring the weakness of the dispersion and V is the phase speed of the dust-acoutic (DA) waves. We can expand the perturbed quantities , , and φ about the equilibrium values in power series of as
We now use (10)− (12) in (3)− (5), and develop equations in various powers of . To the lowest order in , i.e. taking the coefficients of 2 from both sides of (3) and (4), and from both sides of (5), one can obtain the first order continuity equation, momentum equation, and Poission's equation which, in turn, give
where C = (Z T / ) 1/2 , γ = µ T /Z T , α = 0 / 0 , and σ = T /T . Equation (15) represents the linear dispersion relation for the dust-acoustic (DA) waves propagating in our considered strongly coupled dusty plasma system in which dust mass provides the inertia and electron and ion thermal pressures provide the restoring force. It is obvious from (15) that the phase speed (V ) is decreased by R (i.e. by polarization force). To the next higher order in , i.e. taking the coefficients of 3 from both sides of (3) and (4), and 2 from both sides of (5), one can obtain another set of coupled equations for (2) , (2) , and φ (2) , which, along with the first set of coupled linear equations for (1) , (1) , and φ (1) , reduce to a nonlinear dynamical equation of the form where the nonlinear coefficient A normalized by T / and the disipitative coefficient C are given by
where
, and D = 1 − ασ . Equation (16) dust-acoustic (DA) waves in the dusty plasma system under consideration. To examine the polarity of A, we can simplify A as
where (S = 1 − 1/ασ 2 ). It is obvious from Equation (19) that the nonlinear coefficient A is always positive, this means that shock waves with positive potential can only exit and must be valid for any dusty plasma system containing Maxwellian electrons, nonthermal ions, and positively charged dust. The stationary shock wave solution of the Burgers equation (16) is obtained by transforming the independent variables to ξ = ξ − U 0 τ and τ = τ, where U 0 is the speed of the shock waves normalized by the dust-acoustic speed C , and imposing the appropriate boundary conditions,
Thus, one can express the stationary shock wave solution of the Burgers equation (16) as
where the amplitude φ (1) , and the width ∆ are given by
It is obvious from Equation (17) (DA) shock waves with positive potential only since A is always positive for any dusty plasma system containing Maxwellian electrons, nonthermal ions, and positively charged dust. Figures 1-5 show how the basic features (phase, speed and amplitude) of the dust-acoustic (DA) shock waves are modified by R, β, α, and σ . Figure  1 shows that the phase speed of the dust-acoustic (DA) shock waves decreases with R, but increases with β. Figure 2 indicates that the amplitude of the dust-acoustic (DA) shock waves increases with β and decreases with R. On the other hand, figures 3-4 represent the variation of the amplitude of dust-acoustic (DA) shock waves. Figure 3 shows that the amplitude of the dust-acoustic (DA) shock waves increases with R, and µ, but in figure 4 the amplitude increases with both increasing value of σ and R. On the other hand, figure 5 indicates that the speed of the dust-acoustic (DA) shock waves decreases with σ , and increases with β. It may be noted that for β = 0 and if dust is positively charged, the results obtained from our present investigation completely agree with Ashrafi et al. [29] .
Discussion
The nonlinear propagation of the dust-acoustic (DA) shock waves in a strongly coupled dusty plasma system containing Maxwellian electrons, nonthermal ions, and positively charged dust fluid has been theoretically investigated. It is also studied the effects of polarization force and nonthermal ions on DA shock waves. The phase speed of DA waves, V (which is the critical phase speed of DA waves for which DA shock waves are formed) is decreased by the effects of polarization force (R), ion temperature (σ ), but is increased by the effect of nonthermal ion (β). DA shock waves, which are due to the balance between nonlinearity and dissipation, exist with positive potential only. The strong correlation among the charged dust grains is the source of dissipation and is, therefore, responsible for the formation of DA shock wave structures. The height of the shock wave structure increases with the effects of polarization force (R), the effect of nonthermal ion (β), ion temperature (σ ), and (µ). To conclude, the results of the present investigation should be useful for understanding the basic features of the localized DA shock waves in space and laboratory dusty plasmas.
